Migration of growth cones is in part mediated by adhesive interactions between filopodia and the extracellular environment, transmitting forces and signals necessary for pathfinding. To elucidate the role of substrate adhesivity in growth cone pathfinding, we developed an in vivo assay for measuring filopodial-substrate adhesivity using the well-characterized Ti pioneer neuron pathway of the embryonic grasshopper limb. Using time-lapse imaging and a combination of rhodaminephalloidin injections and DiI labeling, we demonstrate that the filopodial retraction rate after treatment with cytochalasin D or elastase reflects the degree of filopodial-substrate adhesivity. Measurements of filopodial retraction rates along regions of known differing substrate adhesivities confirmed the use of this assay to examine filopodial-substrate adhesion during in vivo pathfinding events. We analyzed 359 filopodia from 22 Ti growth cones and found that there is no difference between the retraction rates of filopodia extending toward the correct target (on-axis) and filopodia extending away from the correct target (off-axis). These results indicate on-axis and off-axis filopodia have similar substrate adherence. Interestingly, we observed a 300% increase in the extension rates of on-axis filopodia during Ti growth cone turning events. Therefore, in addition to providing filopodia with important guidance information, regional cues are capable of modulating the filopodial extension rate. The homogeneity in filopodial retraction rates, even among these turning growth cones in which differential adhesivity might be expected to be greatest, strongly establishes that differential adhesion does not govern Ti pioneer neuron migration rate or pathfinding. We propose that the presence of local differences in receptor-mediated second messenger cascades and the resulting assembly of force-generating machinery may underlie the ability of filopodial contacts to regulate growth cone steering in vivo.
Migration of growth cones is in part mediated by adhesive interactions between filopodia and the extracellular environment, transmitting forces and signals necessary for pathfinding. To elucidate the role of substrate adhesivity in growth cone pathfinding, we developed an in vivo assay for measuring filopodial-substrate adhesivity using the well-characterized Ti pioneer neuron pathway of the embryonic grasshopper limb. Using time-lapse imaging and a combination of rhodaminephalloidin injections and DiI labeling, we demonstrate that the filopodial retraction rate after treatment with cytochalasin D or elastase reflects the degree of filopodial-substrate adhesivity. Measurements of filopodial retraction rates along regions of known differing substrate adhesivities confirmed the use of this assay to examine filopodial-substrate adhesion during in vivo pathfinding events. We analyzed 359 filopodia from 22 Ti growth cones and found that there is no difference between the retraction rates of filopodia extending toward the correct target (on-axis) and filopodia extending away from the correct target (off-axis). These results indicate on-axis and off-axis filopodia have similar substrate adherence. Interestingly, we observed a 300% increase in the extension rates of on-axis filopodia during Ti growth cone turning events. Therefore, in addition to providing filopodia with important guidance information, regional cues are capable of modulating the filopodial extension rate. The homogeneity in filopodial retraction rates, even among these turning growth cones in which differential adhesivity might be expected to be greatest, strongly establishes that differential adhesion does not govern Ti pioneer neuron migration rate or pathfinding. We propose that the presence of local differences in receptor-mediated second messenger cascades and the resulting assembly of force-generating machinery may underlie the ability of filopodial contacts to regulate growth cone steering in vivo.
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Growth cones of developing neurons must discriminate between a variety of environmental cues to accurately pathfind and establish connections with their targets. Filopodia extend and retract from the growth cone, actively exploring the environment and altering the direction of growth cone advance in response to these cues (for review, see Heidemann et al., 1990; Lin et al., 1994; Kater and Rehder, 1995; Lauffenburger and Horwitz, 1996; Mitchison and Cramer, 1996) . Although it is established that filopodia are necessary for accurate growth cone guidance (Bentley and Toroian-Raymond, 1986; Chien et al., 1993; Z heng et al., 1996) , it remains unclear how filopodia integrate and transduce guidance information from multiple external cues into motile forces.
Early in vitro experiments conducted by Letourneau (1975) indicated that growth cones may select the most adhesive pathway available for migration. These experiments supported a model for growth cone steering based on differential expression of adhesive molecules in the environment. More recently, various in vitro studies have quantified the adhesion of neurites on extracts of purified embryonic substrate-bound adhesion molecules (Gundersen, 1987 (Gundersen, , 1988 Calof and Lander, 1991; Lamoureux et al., 1992; Lemmon et al., 1992; Gomez and Letourneau, 1994) . The majority of these studies showed little correlation between adhesion and neuron outgrowth, indicating that endogenous substrates may not exert their effects on axon guidance principally via relative adhesiveness. Nonetheless, observation of isolated growth cones on artificially simple substrates may not reflect in vivo mechanisms of growth cone guidance. However, in vivo growth cone adhesiveness has been difficult to quantify, and therefore, the role of adhesion in axonal pathfinding in vivo could only be inferred from observation of growth cone morphology and dynamics (Caudy and Bentley, 1986a; Myers and Bastiani, 1993) or in preparations devoid of extracellular matrix (Condic and Bentley, 1989a,b) . Therefore, although it is accepted that adhesion to the substrate is necessary for normal outgrowth, the role of filopodial-substrate adhesion in directing axonal pathfinding in vivo remains unclear.
Axonal pathfinding has been studied extensively in the embryonic grasshopper limb where the Ti pioneer growth cones display a strong preference for migration along a stereotyped pathway (for review, see Bentley and O'Connor, 1992; Sanchez et al., 1995) . Ti pioneer growth cone filopodia, which are necessary for accurate pathfinding, contact a variety of substrates including epithelial and neuronal cells and an extensive basal lamina (Bentley and Toroian-Raymond, 1986; Anderson and Tucker, 1988; Condic and Bentley, 1989a,b) . In the present study we use timelapse imaging to demonstrate that regional cues along the Ti pioneer pathway not only provide guidance information but are capable of increasing extension rates of target-directed filopodia. To elucidate the role of substrate adhesion in these growth cone steering events, we developed an assay for quantif ying substrate adhesivity for individual filopodia within a given Ti growth cone. Using this assay we examined whether there is a correlation between the direction of Ti pioneer growth cone extension and the filopodial -substrate adhesiveness. We demonstrate that in vivo growth cone steering events are not correlated with filopodial-substrate adhesion, thus indicating that differential filopodial adhesion to the extracellular environment does not govern growth cone pathfinding in vivo.
MATERIALS AND METHODS
Embr yo culture and neuronal labeling. Schistocerca gregaria embryos were obtained from a colony maintained at the University of British Columbia. Eggs were staged and sterilized, and the Ti limb buds from 30.5 to 33.5% embryos were dissected as described previously (Bentley et al., 1979; C audy and Bentley, 1986b) . Embryos were placed ventral side down on a poly-L-lysine -coated coverslip (6 mg /ml); the dorsal epithelium of the Ti limb buds was cut lengthwise and unrolled flat to expose the pioneer pathway. A suction pipette was used to remove the mesodermal cells overlaying the limb epithelium, exposing the Ti neurons. Limb preparations were bathed in a modified RPM I culture medium and viewed with Nomarski optics on a Nikon inverted compound microscope (O'Connor et al., 1990) . Ti neurons were labeled with DiI (Molecular Probes, Eugene, OR) by gently touching to the cell body a micropipette coated previously with DiI and air dried. Rhodamine-phalloidin (Molecular Probes) injections were performed as described previously (O'Connor and Bentley, 1993) , and injected neurons were double labeled with DiO (Molecular Probes).
T ime-lapse microscopy. Labeled Ti neurons were illuminated with a Nikon 100 W halogen light and the appropriate filter set (Chroma Tech) and were shuttered with a computer-controlled Lambda 10-2 shutter (Sutter Instruments). Neurons were imaged with a Princeton Instruments MicroMax CCD camera (Kodak chip K AF 1400) and digitized with Princeton Instruments Winview 1.6.2, with one exception (see Fig. 3 ) that was imaged with a Photometrics camera (Kodak chip K AF 1400) with Perceptics software. Elapsed time was automatically recorded for each image.
Three to five labeled Ti pioneer neurons were imaged until one growth cone was selected for f ull analysis. Growth cones displaying a complex array of filopodia required two to three focal planes imaged per time point, and the parts in focus were combined into a digital montage. To record in vivo growth cone behavior, we imaged labeled Ti neurons for 1-3 hr before cytochalasin D (CD) or elastase application. This time frame ensured that only healthy, normally advancing growth cones were selected for f ull analysis. A selected neuron was then imaged exclusively for 1-3 hr after the addition of drug. Healthy labeled Ti neurons in the dish not selected for f ull analysis were also imaged at the last time point before drug application, the first time point after drug application, and the final time point of the experiment. After image collection, preparations were fixed, and the Ti neurons and guidepost cells were labeled with neuron-specific antibodies to confirm their positions (Jan and Jan, 1982) .
Cytochalasin D and elastase treatments. C ytochalasin D (2 M) or elastase (0.03%) was introduced to limb preparations by replacing the original media in the dish with culture media containing the drug or enzyme (MacLean-Fletcher and Pollard, 1980; Bentley and ToroianRaymond, 1986; Forscher and Smith, 1988; Condic and Bentley, 1989a,b) , and image collection then continued for 1-3 hr after treatment. In a few cases, growth cones were imaged for up to 12 hr after media exchange. The time lapse between the last image before treatment and the first image after treatment was usually within 5 min and in many cases was as quickly as 1 min.
Determining on-a xis and off-a xis filopodia. Growth cones were imaged at various developmental stages of the Ti pioneer pathway and categorized as either migrating within the intrasegmental femur epithelium or migrating within the trochanter segmental epithelium (Fig. 1) . These growth cones were categorized f urther as either nonturning growth cones or growth cones in the process of turning. There are two abrupt stereotyped turning events in the Ti pioneer pathway. The first is at the Tr cell, located within the trochanter segmental epithelium, where growth cones turn ventrally to migrate down the trochanter epithelium. The second is where growth cones turn proximally toward the C x1 cells and migrate away from the trochanter segmental epithelium (Fig. 1) .
Each filopodium was categorized as on-or off-axis. On-axis filopodia were those extending along the axis of the stereotyped Ti pioneer neuron migration trajectory (correct orientation); off-axis filopodia were those extending off the stereotyped migration axis by an angle of Ͼ45°(incorrect orientation; Fig. 2 A) . For growth cones in the process of turning ventrally at the Tr1 cell, on-and off-axis filopodia were often distinctly distributed into ventral and dorsal populations, respectively (Fig. 2 B) . Similarly, on-and off-axis filopodia of growth cones in the process of turning proximally toward the C x1 cells were clearly distributed into proximal and distal populations, respectively (Fig. 2C) . The location of the filopodial tip was the criterion for determining on-versus off-axis location; few filopodia had their base and tip in different categories (7 of 359).
Filopodial measurement and anal ysis. Filopodial length was measured for each time point using N IH Image. Growth cones that required multiple focal planes were digitally montaged to measure accurately the entire length of individual filopodia. Measurements were taken from the center of the growth cone, or branch, to the filopodial tip. Measuring from the center eliminated error from misinterpreting growth cone, or branch, diameter changes as filopodial length changes. Filopodia that retracted completely into the growth cone before addition of CD or elastase were not included. The results are based on the behavior of 359 filopodia from 22 growth cones for which we have complete data sets before and after media exchange.
Previous analysis of Ti filopodial behavior has determined that individual filopodia extend at relatively slow rates (on average ϳ0.67 m/ min) (O'Connor et al., 1990) . This allowed us to sample filopodial lengths at relatively long time intervals (10 -15 min), thus reducing the amount of exposure to the UV light source. However, to ensure that these time intervals were sufficient to reflect filopodial behavior accurately, we imaged some growth cones at higher frequencies. Also, because we could never be positive that filopodia did not extend and retract multiple times between acquired images, we calculated the net change in length over a period of 60 min before and after the addition of CD or elastase. Rates of extension and retraction over the 60 min before and after addition of drug were compared between on-and off-axis filopodial populations. For analysis of the difference in retraction rates between filopodial populations, we also compared length change during the first time period after drug application. A two-tailed unpaired t test was used to compare the average retraction rate of all filopodia (both on-and Figure 1 . Schematic of the Ti pioneer neuron pathway. The pair of sibling Ti pioneer neurons arises from the underlying epithelium between 29 and 30% of embryonic development. At ϳ30.5% of development, the Ti growth cones emerge from their cell bodies and begin to extend axons proximally along the limb axis toward the CNS. The Ti growth cones may or may not contact the Fe1 guidepost cell en route to the Tr1 cell. After contact with the Tr1 cell has been made, usually at ϳ33% of development, the Ti growth cones reorient circumferentially (first turn) and extend ventrally along the trochanter epithelium. A second turning event in the Ti pioneer pathway occurs at ϳ34% of development and is typified by a distinct reorientation toward the Cx1 guidepost cells. By 35%, the Ti pioneer growth cones have extended proximally from the Cx1 cells into the CNS. Dashed lines indicate limb segment boundaries.
off-axis) from growth cones within the femur intrasegmental epithelium with the average retraction rate of all filopodia from growth cones within the trochanter segment boundary epithelium. For the remaining experiments, two-tailed unpaired t tests were performed to compare on-and off-axis filopodia for individual growth cones. To pool data from all growth cones, we standardized the change in filopodial length (converted to Z scores), and two-tailed unpaired t tests were performed on the pooled standardized data.
RESULTS

Cytochalasin D disrupts the internal cytoarchitecture of Ti filopodia
Cytochalasins are f ungal metabolites that inhibit filamentous actin (F-actin) elongation by capping actin filament ends in a reversible, dose-dependent manner (MacLean-Fletcher and Pollard, 1980; Schliwa, 1982; Cooper, 1987; Sampath and Pollard, 1991) . Although inhibition of actin polymerization with cytochalasins blocks filopodia extension and motility (Marsh and Letourneau, 1984; Bentley and Toroian-Raymond, 1986) , retrograde F-actin flow continues (Forscher and Smith, 1988) . Previous in vitro studies have demonstrated that this continued F-actin retrograde flow, in the absence of polymerization, results in F-actin clearance from the growth cone lamellipodia and filopodia within 1-3 min, and usually after 2-4 min the filopodia have started to retract into the growth cone (Forscher and Smith, 1988) .
Using rhodamine-phalloidin (Rh-phalloidin), we monitored actin dynamics in Ti filopodia after treatment with cytochalasin D. To confirm that CD disrupted F-actin in Ti growth cone filopodia, we injected selected Ti cell bodies with Rh-phalloidin, and the membrane was labeled with DiO. Images of F-actin dynamics and the growth cone morphology were collected before and after treatment with CD ( Fig. 3 ). Immediately after CD addition, rhodamine-phalloidin-labeled actin began to disassemble and by 5-10 min was reduced to punctate staining within the filopodia. By 30 min, Rh-phalloidin fluorescence was restricted to the growth cone body and large branches (Fig. 3D) . Although CD rapidly removed the F-actin within the Ti filopodia, the majority of the filopodia remained extended (Fig. 3C) . We attribute the slow retraction of Ti growth cone filopodia to the gradual loss of filopodial membrane adhesive contacts with the extracellular environment. In comparison with CD-treated growth cones in vitro, the Ti filopodia retract relatively slowly, possibly reflecting the complexity of the extracellular environment surrounding the filopodia. Filopodial retraction began 2-3 min after addition of CD, thus suggesting that the mechanisms involved in generating filopodial retraction occur over the order of minutes. For many filopodia, retraction occurs over a number of hours (see Figs. 6, 7) , with eventual complete retraction of the majority of filopodia (Fig. 4 ). For example, Figure 4 shows the distribution of filopodia extending from a growth cone that is migrating down the trochanter epithelium. After 12 hr of exposure to CD, the growth cone had extended ϳ15 m; however only a few large filopodial branches remained. These branches were evenly dispersed around the growth cone with two on-axis and two off-axis branches remaining.
Filopodial retraction rate after cytochalasin D or elastase application reflects filopodial-substrate adhesion
Previous observations of growth cone morphology and direct tests of growth cone adhesion have illustrated that grasshopper trochanter segment epithelium is more adhesive than is femur intrasegmental epithelium (Caudy and Bentley, 1986a,b; Condic and Bentley, 1989a,b) . To test the validity of our in vivo adhesion assay, we examined whether filopodial retraction rates after the addition of CD or elastase reflect these known differential adhesivities. We predicted that filopodia in contact with the more adhesive trochanter segment epithelium would retract slower after the removal of F-actin or the basal lamina adhesive interactions. To test this we compared the average filopodial retraction rate of growth cones migrating in the more adhesive trochanter epithelium with the average filopodial retraction rate of growth cones migrating in the less adhesive femur epithelium. Figure 5 shows the average of both on-and off-axis filopodial retraction over the 60 min after CD or elastase application. For the CD trials, analysis of 60 filopodia from four growth cones migrating in the less adhesive femur epithelium revealed an average retraction of 10 Ϯ 0.6 m during the 60 min after CD application. In contrast, analysis of 87 filopodia from five growth cones migrating within the more adhesive trochanter epithelium exhibited a significantly slower average retraction of 7 Ϯ 0.8 m during the 60 min after CD application (t test, p Ͻ 0.001). In addition, analysis of the averaged filopodial length change during the first time period after CD addition revealed a significantly slower retraction rate of filopodia located in the trochanter epithelium (t test, p Ͻ 0.0005; data not shown). Thus, slower filopodial retraction rates after CD application of growth cones migrat- Figure 2 . Categorization of growth cone filopodia as on-or off-axis. A, A representative nonturning Ti growth cone imaged during migration toward the Tr1 cell. On-axis filopodia are defined as those extending along the proximal and/or distal limb axis; off-axis filopodia are those extending off the stereotyped migration axis by an angle of Ͼ45°(). B, A Ti growth cone imaged in the process of turning at the Tr1 cell (*). Off-axis filopodia are those filopodia that are extended dorsally in the incorrect direction, whereas on-axis filopodia are defined as those filopodia that are extended in the correct ventral direction. This distribution of filopodia should maximize the chance of observing any adhesive differences between the ventral and dorsal epithelium. C, A Ti growth cone reorienting toward the Cx1 cells. As seen at the abrupt turn at the Tr cell, on-and off-axis filopodia are distinctly distributed into proximal and distal populations, respectively. Scale bar, 10 m.
ing within trochanter segment epithelium accurately reflect filopodial contact with the more adhesive substrate.
Previous experiments have demonstrated that elastase disrupts growth cone -basal lamina adhesive contacts (Condic and Bentley, 1989a,b) , thus leaving only the actin cytoskeleton and epithelial adhesive contacts to oppose filopodial collapse. Therefore, we confirmed the CD results by measuring Ti filopodial retraction rates after the removal of basal lamina adhesive interactions with elastase (Fig. 5) . We analyzed four growth cones within the trochanter epithelium and three growth cones within the femur intrasegmental epithelium. We found, consistent with the CD results, that growth cones interacting with the more adhesive trochanter epithelium displayed slower filopodial retraction rates in comparison with the rates of filopodia extending along the less adhesive femur epithelium (t test, p Ͻ 10 Ϫ5 ). These results support the use of the filopodial retraction rate as an assay of filopodial -substrate adhesivity during growth cone-steering events.
Filopodial behavior of nonturning Ti pioneer neurons
To record in vivo pathfinding behaviors of nonturning Ti pioneer neurons, we imaged growth cones for 1-3 hr after DiI labeling. Figure 6 is a representative example of the analysis for each nonturning growth cone in this study. In this example the growth cone was imaged as it migrated along the mid-femur epithelium toward the Tr1 cell (see Fig. 1 ). After the addition of CD, filopodia started to retract into the growth cone (Fig. 6 A, arrowheads) . Analysis of individual filopodial length versus time illustrates that the majority of filopodia are dynamic, exhibiting periods of growth and retraction before CD treatment (Fig. 6 B) . On average, during the period of observation, length increased for both on-and off-axis filopodia in this particular growth cone, and no significant difference in the growth rate of on-and off-axis filopodia was observed 60 min before CD (Fig. 6 D; t test, p ϭ 0.90).
In the CD trials, we analyzed 11 nonturning growth cones (n ϭ 146 filopodia); in 9 of 11 growth cones, there was no significant difference between on-and off-axis filopodia extension during the 60 min before the addition of CD. In 1 of 11 growth cones, a significantly greater extension rate was observed in the on-axis filopodia during this period, whereas in 1 of 11 growth cones, a significantly greater extension rate was recorded for the off-axis filopodia. Thus, in the majority of nonturning growth cones, there was no significant difference in filopodial length changes observed between on-and off-axis filopodia before CD treatment. In addition, equal numbers of filopodia were distributed between onaxis and off-axis.
To pool the data from all nonturning growth cones, we standardized the change in length for each filopodia over the 60 min before CD application by conversion to Z scores. Analysis of the pooled, standardized filopodia data confirmed there was no significant difference between on-and off-axis filopodial growth (see Fig. 8 A; t test, p ϭ 0.42). The frequency histograms of the on-and off-axis pre-CD Z scores were identically distributed, with filopodial length changes evenly distributed about their respective mean (data not shown). We separated the nonturning growth cones into subgroups based on the developmental stage of the Ti pathway, for example, before the Tr1 cell or along the trochanter epithelium. Analysis of these subgroups also revealed no significant difference in extension rates between on-and off-axis filopodia (before the Tr cell, t test, p ϭ 0.41; trochanter epithelium, t test, p ϭ 0.83). Likewise, analysis of the three nonturning growth cones from the elastase trials revealed no significant difference in filopodial extension rates (see Fig. 9C ). These results suggest that in nonturning growth cones the dynamic behavior of on-and off-axis filopodia is not significantly different.
Filopodial adhesion does not predict growth cone pathfinding of nonturning Ti neurons
To determine the role of adhesion in Ti growth cone pathfinding in vivo, we compared the retraction rates of on-and off-axis filopodia after treatment with CD or elastase. We proposed that if adhesion of filopodia to the extracellular environment predicted growth cone migration, then on-axis filopodia should retract at a reduced rate when compared with off-axis filopodia. A representative example of the analysis of a nonturning growth cone from the CD trials is shown in Figure 6 . All filopodia ceased extending, and a notable retraction was observed in both on-and off-axis filopodia (Fig. 6 B, C) . To determine whether there was a significant difference between on-and off-axis retraction rates, we calculated the average change in filopodial length for the 60 min after CD application for both on-and off-axis filopodia. No significant difference was observed (Fig. 6 D; t test, p ϭ 0.89). In addition, analysis of the averaged filopodial length change during the first time period after CD addition revealed no significant difference in retraction rates (t test, p ϭ 0.15).
For the CD trials, a total of 146 filopodia from 11 nonturning growth cones were analyzed before and after addition of CD. In 11 of 11 nonturning Ti neurons, analysis revealed no significant difference in retraction rates between on-and off-axis filopodia. Analysis of pooled, standardized filopodia also revealed no significant difference in filopodial retraction rates (see Fig. 8 B; t test, p ϭ 0.65). Furthermore, there was no significant difference in retraction rates even during the first time period after CD (t test, p ϭ 0.40) or when nonturning growth cones were grouped into developmental stages (before the Tr cell, t test, p ϭ 0.97; ventral migration in trochanter epithelium, t test, p ϭ 0.67). Representation of the post-CD Z scores of nonturning growth cones as a frequency histogram revealed a shift in all on-and off-axis filopodial length changes to negative Z scores (data not shown), confirming that all filopodia began to retract after CD treatment. Analysis of the three elastase-treated nonturning growth cones also revealed no difference between the retraction rates of onand off-axis filopodia (see Fig. 9C ). These data suggest that differential filopodial adhesion to the extracellular environment is not a governing factor in nonturning Ti neuron pathfinding in vivo.
Filopodial behavior of Ti pioneer neurons during growth cone turning events
The growth cones of Ti neurons that were in the process of turning were imaged for 1-3 hr before and after CD or elastase application. The data collection and analysis were identical to that of nonturning Ti neurons described above. Figure 7 is a representative example of the analysis of a turning growth cone from the CD trials. In this example a Ti growth cone turned proximally toward the Cx1 cells (Fig. 7A) . As the main on-axis branch extending toward the Cx1 cells enlarged (Fig. 7A, open arrow) , the large off-axis branch progressively collapsed (Fig. 7A, solid arrow) . This shifting of the growth cone mass toward the main on-axis branch was accompanied by the extension of on-axis filopodia (Fig. 7A, arrowheads) . Immediately after addition of CD, what remained of the large off-axis branch continued to collapse (Fig. 7A, solid arrow) , and the off-and on-axis filopodia began to retract (Fig. 7A, right, arrowheads) . However, the main on-axis branch remained enlarged after CD application (Fig. 7A,  right, open arrow) . The persistence of the main on-axis branch after disruption of the actin cytoarchitecture most likely indicates that microtubules have invaded the main on-axis branch to form the emerging nascent axon (Sabry et al., 1991) .
As observed with nonturning growth cones, filopodial number was evenly distributed on-and off-axis, and the majority of The filopodial retraction rate after cytochalasin D or elastase application accurately reflects in vivo substrate adhesion. Average filopodial retraction during 60 min after CD application was determined for four growth cones migrating along the low-affinity (less adhesive) femur epithelium (n ϭ 60 filopodia) and for five growth cones within the high-affinity (more adhesive) trochanter epithelium (n ϭ 87 filopodia). Similarly, average filopodial retraction during 60 min after elastase application was determined for three growth cones migrating along the femur epithelium (n ϭ 66 filopodia) and for four growth cones within the trochanter epithelium (n ϭ 69 filopodia). The average retraction rate was determined using both on-and off-axis filopodia. After either CD or elastase application, the average filopodial retraction rate for growth cones migrating along the less adhesive femur epithelium was significantly greater than the retraction rate for filopodia of growth cones interacting with the more adhesive trochanter segment epithelium (*p Ͻ 0.001; **p Ͻ 10 Ϫ5 ). Error bars indicate SEM. filopodia exhibited periods of growth and retraction before CD application (Fig. 7B) . Surprisingly, when changes in filopodial length were calculated for each time interval and averaged for both on-and off-axis filopodia, a striking disparity in filopodial extension rates was observed between on-and off-axis filopodia during the Ti growth cone turning event. On-axis filopodia showed greater extension during the 60 min before CD application than did off-axis filopodia ( Fig. 7C,D; t test, p ϭ 0.03). This disparity occurred in all of the turning growth cones examined. Analysis of the pooled Z scores from a total of 78 filopodia from four growth cones revealed that this difference in on-versus off-axis extension during the 60 min before CD was consistent and highly significant only at turning points in the Ti pioneer pathway (Fig. 8 A; t test, p Ͻ 10 Ϫ7 ). The frequency distribution of the pooled turning Z scores revealed that both on-and off-axis Z scores were evenly distributed about their respective means, with the on-axis filopodial mean 1.3 SDs greater than the off-axis filopodial mean (data not shown). This separation in the normally distributed on-and off-axis Z scores indicated that the significant difference between extension rates was not the result of outliers (also confirmed by the height of the error bars in Fig. 8) .
We analyzed the pooled raw data to determine whether the statistical difference observed between on-and off-axis filopodial extension before CD in turning growth cones was a result of increased growth in the on-axis filopodia or a relative decrease in off-axis filopodial extension. This analysis revealed that the average on-axis filopodial extension rate was Ͼ300% greater than the average off-axis filopodial extension rate ( Fig. 8B ; t test, p Ͻ 10 Ϫ5 ). Interestingly, this increase in on-axis extension in turning growth cones was also significantly greater (Ͼ100%) than that in on-axis filopodial extension in nonturning growth cones ( Fig. 8B ; t test, p ϭ 0.005). There was no significant difference in the off-axis filopodial extension rates of turning and nonturning growth cones (Fig. 8 B; t test, p ϭ 0.11). Furthermore, analysis of the four turning growth cones in the elastase trials also revealed these trends ( Fig. 9 ; n ϭ 69 filopodia), increasing the number of turning growth cones to eight. These results indicate that in vivo Ti pioneer neuron turning events are characterized by an increased on-axis filopodial extension rate during turning events.
Filopodial adhesion does not predict Ti growth cone turning events
Although Ti growth cones exhibit a number of different morphologies at decision points (O'Connor et al., 1990) , we found that filopodia were evenly distributed between on-and off-axis sectors, thus suggesting that asymmetric distribution of filopodia does not predict growth cone steering events. Considering that filopodial -substrate adhesion is greater in the regions where Ti growth cones commit to turning decisions, for example, at the Tr cell in the trochanter epithelium, we hypothesized that a differential adhesion gradient across the growth cone may underlie the growth cone turning event and the observed increase in filopodial extension. Therefore, to determine the role of filopodial adhesivity in Ti growth cone turning, we compared the retraction rates of on-and off-axis filopodia after treatment with CD or elastase. Figure 7 illustrates a representative example of the analysis of a turning growth cone from the CD trials. Consistent with nonturning growth cones, filopodia ceased extending and began retracting into the growth cone after CD application (Fig. 7 B, C) . To determine whether there was a significant difference between on-and off-axis retraction rates, we calculated the average change in filopodial length for the 60 min after CD application. No significant difference was observed ( Fig. 7D; t test, p ϭ 0.33) , thus suggesting that the greater net extension of on-axis filopodia was not caused by greater filopodial-substrate adhesiveness. In addition, analysis of the averaged filopodial length change during the first time period after CD addition confirmed there was no significant difference in filopodial retraction rates (t test, p ϭ 0.14).
We analyzed four turning growth cones in the CD trials (n ϭ 78 filopodia); in all Ti growth cones examined, there was no significant difference in retraction rates between on-axis filopodia and off-axis filopodia. Analysis of the pooled Z scores confirmed there was no significant difference in retraction rates during the 60 min after CD application (Fig. 8 A; t test, p ϭ 0.40) or during the first time period after CD (t test, p ϭ 0.96). In addition, as seen in nonturning growth cones, the frequency histogram demonstrated a consistent shift in all filopodial length changes to negative Z scores (data not shown). Furthermore, we analyzed four turning growth cones in the elastase trials (n ϭ 69 filopodia); again consistent with the CD results, there was no significant difference between on-and off-axis retraction rates (Fig. 9) . These results indicate that Ti growth cone steering events and the corresponding increase in on-axis filopodial migration rate during these turning events are not directed by differential filopodial-substrate adhesion.
DISCUSSION
Using the well-characterized Ti pioneer neuron pathway of the embryonic grasshopper limb, we developed an assay to test whether differences in filopodial adhesion direct growth cone steering events in vivo. We found that although filopodia in general exhibit robust adhesive interactions with the surrounding extracellular environment, there is no evidence that differential filopodial adhesion directs Ti growth cone steering events in vivo. In addition, we found that in vivo regional cues not only provide filopodia with essential guidance information but are also capable of modulating filopodial extension rate.
Retraction rates of filopodia lacking F-actin or basal lamina interactions as a measure of filopodial-substrate adhesivity
Traditionally, in vivo growth cone-substrate adhesion has been difficult to address because of the complexity of the in vivo environment and the impediments to access and manipulation. Thus, the role of substrate adhesion in growth cone pathfinding has remained unclear. In the present study, we took advantage of the accessibility of the well-characterized embryonic grasshopper limb Ti pioneer neuron projection to develop an assay for quantifying in vivo filopodial-substrate adhesivity. Our assay uses the filopodial retraction rate, after the disruption of either the actin cytoarchitecture with CD or the basal lamina adhesive interactions with elastase, as a measure of substrate adhesivity. To confirm the validity of our assay, we compared the filopodial retraction rates of growth cones migrating along substrates of known differing adhesivity. Evidence from observations of Ti growth cone morphology and from direct tests of growth cone adhesion suggests that epithelium in the trochanter limb segment is more adhesive than is intrasegmental femur epithelium (Caudy and Bentley, 1986a,b; Condic and Bentley, 1989a,b) . Using our in vivo adhesion assay, we demonstrate that filopodia of Ti growth cones migrating within the more adhesive trochanter epithelium retract significantly slower than do filopodia of growth cones migrating within the less adhesive femur epithelium. Thus, our assay of filopodial retraction rate after application of CD or elastase accurately reflects in vivo filopodial-substrate adhesion. Our assay is based on the premise that the combined action of the actin cytoskeleton and adhesion opposes tension within filopodia, preventing them from collapsing into the body of the growth cone. With the loss of the actin cytoskeleton after CD treatment, the adhesive contacts are not sufficient to oppose tension within filopodia, and therefore filopodia retract into the growth cone at a rate dependent on the degree of filopodial-substrate adhesivity. Likewise, after removal of the basal lamina adhesive interactions with elastase, the actin cytoskeleton and underlying epithelial adhesive contacts are insufficient to maintain filopodial extension.
Although the integrity of F-actin is important for force generation during filopodial extension, several lines of evidence indicate a network of F-actin is not necessary for Ti filopodialsubstrate adhesion. First, it has been well established in many systems, including the grasshopper Ti pioneer pathway, that an intact actin cytoarchitecture is not required for growth cone adhesion (Marsh and Letourneau, 1984; Bentley and ToroianRaymond, 1986; Letourneau et al., 1987; Forscher and Smith, 1988; Chien et al., 1993; Zheng et al., 1996) . In fact, in the absence of actin, growth cones have been shown to remain adhered to a substrate and are even capable of extension (Marsh and Letourneau, 1984; Bentley and Toroian-Raymond, 1986; Chien et al., 1993; Zheng et al., 1996) . In addition, filopodial and lamellipodial retraction often lags behind the loss of F-actin. For example, numerous Aplysia growth cone filopodia remain extended after the addition of cytochalasins, in some cases for up to 30 min [see Forscher and Smith (1988) , their Fig. 7D] . Second, a variety of classical adhesive receptor complexes are known to exhibit adhesive interactions that are not associated with the actin cytoskeleton (Regen and Horwitz, 1992; Schmidt et al., 1993; Hortsch et al., 1995; Shapiro et al., 1995; Dubreuil et al., 1996; Kreft et al., 1997) . Third, although electron microscopic examination of the actin distribution in the body of neuronal growth cones has identified interactions along the length of F-actin bundles with intramembranous particles (Lewis and Bridgman, 1992) , similar interactions were not reported along the length of filopodia. Finally, although we cannot comment on the molecular nature of Ti filopodial-substrate adhesion, the maintenance of filopodial extension after CD clearly demonstrates continued filopodial adhesion to the extracellular environment in the absence of the actin cytoarchitecture.
Differential adhesion as a model of neuronal pathfinding
The Ti growth cone filopodia interact with a variety of substrates including the extracellular matrix, epithelial cells, and several preaxonogenesis neurons. These substrates express a variety of substrate-bound guidance molecules, some of which have been shown to be necessary for accurate Ti growth cone pathfinding (Bentley and Caudy, 1983; Caudy and Bentley, 1986a; Kolodkin et al., 1992; Sanchez et al., 1995; Tsai et al., 1997; Wong et al., 1997) . How these substrate-bound adhesion molecules interact with Ti filopodia to direct growth cone steering events in vivo is not well understood. One mechanism that may direct growth cone motility is differential filopodial-substrate adhesion. Increased Figure 8 . In vivo Ti growth cone pathfinding behaviors and filopodial extension rate are not governed by differential filopodial -substrate adhesion. A, The average standardized length change (Z score) 60 min before (left in each panel ) and 60 min after (right in each panel ) CD application for 11 nonturning and 4 turning growth cones (n ϭ 224 filopodia). There was no significant difference between on-and off-axis filopodial growth in nonturning growth cones during the 60 min before CD application. However, a highly significant difference between on-and off-axis growth 60 min before CD application was observed in turning growth cones (n ϭ 78 filopodia; **p Ͻ 10
Ϫ7
). There was no significant difference between onand off-axis filopodial length change observed in nonturning or turning growth cones after CD application. B, Average length change for 60 min before (left) and 60 min after (right) CD application calculated using nonstandardized raw data (the similarity in frequency distributions determined by Kolmogorov-Smirnov tests). The statistical difference observed between on-and off-axis filopodial extension in turning growth cones was a result of increased growth in the on-axis filopodia versus a relative decrease in off-axis filopodial extension (**p Ͻ 10 Ϫ5 ). On-axis filopodial extension during growth cone turning events is significantly greater than is on-axis extension during nonturning events (*p Ͻ 0.01). No significant difference was observed in the raw data between on-and off-axis filopodial retraction after addition of CD for either nonturning or turning growth cones. Error bars indicate SEM. filopodial -substrate adhesion may be a consequence of a greater number of substrate-bound molecules binding to filopodial receptors, leading to an increased receptor coupling to the actin cytoskeleton and a slowing of the retrograde F-actin flow. Growth cone advance, therefore, could result from attenuation of the retrograde F-actin flow combined with continued actin polymerization at the leading edge (Lin and Forscher, 1995) . Alternatively, an increased receptor coupling to the actin cytoskeleton could manifest itself intracellularly as increased tension within filopodia, creating more traction force to "pull" the growth cone forward (Heidemann et al., 1990) . Regardless of the cytomechanics, a differential expression of adhesive molecules in the environment, their respective receptors on filopodia, or alterations in the ligand-receptor binding affinity could reorient the growth cone and alter pathfinding.
Because it was the focus of the present study to determine whether adhesion alone is sufficient to determine growth cone steering events in vivo, we used our in vivo adhesion assay to test whether an increased substrate adhesivity could predict Ti growth cone pathfinding behaviors. If differential adhesion across the growth cone governs Ti pathfinding in vivo, then correctly oriented (on-axis) and incorrectly oriented (off-axis) filopodial retraction rates should differ after CD or elastase treatment. We found that filopodial retraction rates did not differ between onand off-axis filopodia at any of the positions measured along the pathway, including during the committed turning events. The homogeneity in filopodial retraction rates, even among turning growth cones in which we would predict that differential adhesion should be greatest, strongly indicates that differential adhesion does not determine Ti pioneer neuron steering in vivo. The complexity and heterogeneity among in vivo guidance mechanisms, however, caution against prematurely concluding that differential substratum adhesivity has no role in every in vivo growth cone guidance situation. For example, although our results establish that spatial differences in filopodia-substrate adhesion are not sufficient to determine Ti pioneer growth cone pathfinding, there may exist in vivo situations in which spatial heterogeneity in substratum adhesion across the body of a growth cone is sufficient to regulate steering events.
In this study filopodial and growth cone behaviors were also examined for at least 1 hr before the addition of CD or elastase. This provided us with information about in vivo growth cone pathfinding behaviors at various decision points along the Ti pioneer pathway. We observed no consistent disparity between on-and off-axis extension rates in the nonturning growth cones. To our surprise, however, we observed a threefold increase in on-axis filopodial extension rate during Ti growth cone-turning events. Furthermore, when the on-axis filopodial extension rate for turning growth cones was compared with the extension rate for on-axis filopodia of nonturning growth cones, the difference was still significant; the turning filopodia extended nearly twice the distance during the 60 min before drug. Interestingly, a previous in vitro study demonstrated that model guideposts, composed of laminin-coated beads, not only provide directional guidance information to dissociated dorsal root ganglion neurons but also cause a sustained 2.5-fold increase in growth cone velocity (Kuhn et al., 1995) . This study and our in vivo pathfinding results indicate that at decision points local environmental cues may induce growth cones to change migration rate and direction. Arrowheads demarcate the same filopodia before and after addition of elastase illustrating filopodial retraction. B, Average change in filopodial length for 60 min before (left) and 60 min after (right) elastase. A significant difference between on-and off-axis filopodial growth was observed before addition of elastase (*p Ͻ 0.005). No significant difference was observed between on-and off-axis filopodial retraction after addition of elastase. C, Pooled elastase data from seven growth cones (135 filopodia), illustrating the average length change for 60 min before (left) and 60 min after (right) elastase application (calculated using nonstandardized raw data; the similarity in frequency distributions determined by Kolmogorov-Smirnov tests). The on-axis filopodia of turning growth cones extend at an increased rate (***p Ͻ 10 Ϫ6 ; *p Ͻ 0.05); however, no significant difference was observed between the on-and off-axis retraction rates after elastase for either turning or nonturning growth cones. In the elastase trials, all nonturning growth cones were migrating in the femur, and all turning growth cones were at the Tr cell within the trochanter segment epithelium. Therefore, the pooled raw data also reveal the significantly slower filopodial retraction of growth cones interacting with the more adhesive trochanter epithelium (**p Ͻ 10
Ϫ5
). Error bars indicate SEM.
